Thermal hysteresises of electrical resistance, accompanying with a structural phase transition, in epitaxial VO 2 films have been successfully reduced to 1°C or less by doping Ti or Nb ions. We considered that owing to the metal-ion-substitutive structural defects induced by doping metal ions into VO 2 films, the structural phase transition easily occurred without superheating or supercooling. In Nb-doped VO 2 films, the hysteresis disappeared at a lower doping level than Ti-doped VO 2 films. The maximum values of the temperature coefficient of the resistance of V 0.91 Ti 0.09 O 2 and V 0.982 Nb 0.018 O 2 films, which exhibited non-hysteretic MI transitions, were ¹24.8%/°C at 46°C and ¹21.6%/°C at 19°C, respectively.
Introduction
VO 2 shows a metalinsulator (MI) transition at 68°C with the first-order structural phase transition from a high-temperature tetragonal form to a low-temperature monoclinic form.
1),2)
Through the transition, the electrical resistance is abruptly changed. Therefore, it is a very attractive material for bolometer applications, which require a high temperature coefficient of resistance (TCR). However, there are two serious issues to prevent from the application to bolometer films. One is that VO 2 films should be prepared at low temperatures of 300°C or less, for compatibility with the CMOS (complementary metaloxide semiconductor) technology, which is vital for any bolometer film.
3) Previously, we successfully prepared epitaxial and polycrystalline VO 2 films at 300°C in air using an excimerlaser-assisted metal organic deposition (ELAMOD) process. 4 ), 5) In this process, crystallization of a film is induced by excimer laser irradiation instead of furnace heating in conventional MOD methods.
The other is that the MI transition is accompanied by a thermal hysteresis because superheating and supercooling occur in VO 2 domains constructing the films.
6) The hysteresis width of an epitaxial film is about 5°C 7) and that of a polycrystalline film is more than 10°C. 8) For bolometer applications, it is necessary to reduce the hysteresis width to less than 1°C. Previously, we successfully decreased the hysteresis width to less than 1°C by preparing a bilayer film of a bottom ultrathin (<5 nm) epitaxial VO 2 layer and an upper amorphous VO x layer. 9) Additionally, by doping W ions into epitaxial VO 2 films, a decrease in hysteresis width was observed. 10) We considered that this decrease was attributed to the high density of structural defects such as oxygen vacancies, dangling bond defects and metal-ion-substitutive structural defects, because such structural defects would break the superheating and supercooling states in VO 2 domains constructing films.
11) It was already revealed that metal-ionsubstitutive structural defects introduced by doping W ions play an important role for the hysteresis decrease. Meanwhile, the transition temperature of the W-doped VO 2 epitaxial film was lowered much below room temperature by doping W ions. Therefore its TCR value around room temperature became low. W ions take a hexavalent state in VO 2 , and elements with high valence reduce the transition temperature of VO 2 because added electrons will break an insulating state in which V 4+ V 4+ pairs are formed with the VV bond tilted from c-axis. 12),13) Since one W ion produces two electrons in VO 2 and therefore the transition temperature of the W-doped VO 2 epitaxial film was significantly lowered due to the over-doping of electrons. To decrease the hysteresis with keeping the transition temperature around room temperature, the metal-ion-substitutive structural defects should be introduced in epitaxial VO 2 films by doping with metal ions having lower valence than W ions. We considered that Ti and Nb ions were suitable as a candidate of the lower valance ions because Ti and Nb ions were substituted for V 4+ with pentavalent and tetravalent, respectively. 14) In this paper, using the ELAMOD process, we prepared Tiand Nb-doped epitaxial VO 2 films at 300°C in air to adjust the hysteresis width. Furthermore, we examined the relationship of hysteresis width with density of metal-ion-substitutive defects.
Experimental
Vanadium carboxylate solution and niobium or titanium carboxylate solution were mixed in the range of Ti/(V + Ti) = 018 mol % or Nb/(V + Nb) = 02.7 mol %. These solutions were spin-coated onto TiO 2 (001) substrates in 5 © 5 mm 2 area. The coated films were preheated at 300°C in air for 10 min to eliminate the solvent and some of the organic components. The obtained films were about 30-nm thick and amorphous. The films were irradiated with a KrF excimer laser ( = 248 nm) for 5 © 5 mm 2 area by using a beam homogenizer at room temper-ature in air. The laser fluence, the irradiation time, and the repetition rate were fixed at 100 mJ/cm 2 , 60 min, and 10 Hz, respectively.
The film structures were evaluated by X-ray diffraction (XRD) with a Cu K¡ radiation at 40 kV and 30 mA, using a Mac Science MXP3A diffractometer. The X-ray photoelectron spectroscopy (XPS) spectra were taken with an ULVAC PHI Quantera SXM. The temperature dependence of the electrical resistivity of the films was measured by a four point probe method using a resistivity measurement system-ResiTest8300 by Toyo Corp. Figure 1 shows the XRD patterns of Ti-and Nb-doped films. The Ti-doped films [Ti/(V + Ti)¯9.0 mol %] and the Nb-doped films [Nb/(V + Nb)¯2.7 mol %] showed only a Bragg peak indexed to 002 of tetragonal VO 2 phase except for a peak indexed to 002 of a TiO 2 (001) substrate. At Ti/(V + Ti) = 18 mol % of the Ti-doped film, the diffraction peak was difficult to be distinguished from the peak of the substrate. Previously, observation by transmission electron microscopy showed that a VO 2 film fabricated on TiO 2 (001) substrate by the ELAMOD process was a single phase of epitaxial VO 2 . 4) In the case of the Ti or Nb doped films, observation of only the 002 peak showed that a single phase of epitaxial V 1¹x Ti x O 2 or V 1¹x Nb x O 2 was successfully formed by the ELAMOD process. Figure 2 shows a relationship of lattice parameter c of a tetragonal unit cell with x in V 1¹x Ti x O 2 and V 1¹x Nb x O 2 . In either case of Ti-or Nb-doped VO 2 films, the expansions of the lattice parameter c were observed. Based on the measurement of XPS spectra, Ti and Nb in VO 2 were tetravalent and pentavalent states, respectively. The effective ionic radius of V 4+ is 0.58 ¡ under octahedral coordination, while the ionic radii of Ti 4+ and Nb 5+ are 0.61 and 0.64 ¡, respectively. 15) Hence, the expansions of the lattice parameter c of the Ti-or Nb-doped VO 2 films are due to the substitutions of larger ions at V sites. In the V 1¹x Nb x O 2 films, the expansion of the lattice parameter c was enhanced owing to the relatively large ionic radius. Moreover, the liner relationships between the lattice parameter c and substitution degree in both Ti-and Nb-doped VO 2 films, indicated the solid solution of Ti or Nb in VO 2 without phase separation. Figure 3 shows temperature dependencies of the electrical resistivity of the films. In the pure VO 2 , the transition temperature was around 30°C, which was lower than that of bulk VO 2 due to shortening of the lattice parameter c by epitaxial growth, because shortening of the lattice parameter c was considered to raise the stability of a metallic phase. 7) Figure 4 shows a relationship of transition temperatures with x in the V 1¹x Ti x O 2 and V 1¹x Nb x O 2 films. In the V 1¹x Ti x O 2 films, the transition temperatures increased linearly at the rate of 1.9°C/mol %-[Ti/ (Ti + V)]. This would be due to the expansion of the c parameter by the substitution of Ti. In contrast, in the V 1¹x Nb x O 2 films, the transition temperatures decreased at the rate of 8.5°C/mol %-[Nb/(Nb + V)] in spite of the large expansion of the c parameter. Previously, it was reported that the transition temperature of the W-doped VO 2 films decreased due to electron doping. 12) In this work, the valence of Nb was pentavalent, and additionally the resistivity in the semiconductor part of each V 1¹x Nb x O 2 film decreased, indicating that electrons were doped. Therefore, the decrease in the transition temperature was due to a stronger effect of the electron doping rather than that of expansion of the c parameter. In the case of epitaxial V 1¹x W x O 2 films, it was reported that the transition temperature decreased at a large rate of 30°C/mol %-[W(W + V)], because the hexavalent W ions produce two electrons in the VO 2 film. 12) In this case, the transition temperature was too low to be used for the sensor applications. In contrast, Ti and Nb did not affect the MI transition temperature significantly. Therefore, the MI transition was relatively kept at around room temperature.
Results and discussion
Next, we will focus on the hysteresis behavior. The hysteresis width of the pure epitaxial VO 2 films was 6°C. In the V 1¹x Ti x O 2 and V 1¹x Nb x O 2 films, their hysteresis widths were reduced to less than 1°C at x = 0.09 and 0.018, respectively. The transition temperatures of the V 0.91 Ti 0.09 O 2 and V 0.982 Nb 0.018 O 2 films were 46 and 19°C, respectively. In both films, the transition temperatures were not significantly shifted from 30°C, which was the transition temperature of the epitaxial film of pure VO 2 . Based on these results, introducing the metal-ion-substitutive structural defects in VO 2 films was a very effective method to reduce the hysteresis width. Lopez et al. considered that the MI transition of VO 2 could be described as a model of a martensitic transformation, in which structural defects, such as oxygen vacancies and wall dislocations, work as nuclei of the phase transformation. 11) We considered that the metal-ion-substitutive structural defects also play a role as nucleation sites of the phase transition, that is, the phase transition would be induced heterogeneously at the defects. Therefore, the activation energy of the phase transition would be reduced, and superheating or supercooling causing the hysteresis would not be necessary. Figure 5 shows a relationship between metal-ion-substitutive degree and hysteresis width. By Nb doping, the hysteresis width was effectively reduced with a lower substitution degree than by Ti doping. In the Nb-doped VO 2 films, relatively large elastic energy would be introduced due to the large ionic radius of Nb, leading the atomic disorder in large area around the metal-ion-substitutive structural defects. Furthermore, in the V 1¹x Nb x O 2 films, the presence of V 3+ , which had also larger ionic radius than V
4+
, was suggested to keep the electric charge balance in VO 2 . We considered that because V 3+ would be generated nearby Nb
5+
, the area of the defect region was larger than that of single Ti 4+ substitutive defect regions. In such a large area of the defect region, the phase transition might occur more easily than in single defect regions. Journal of the Ceramic Society of Japan 119 [7] 577-580 2011 temperature range showing over ¹4.0%/°C was 22 to 67°C. The maximum TCR value of the V 0.982 Nb 0.018 O 2 film was ¹21.6%/°C at 19°C, and the films showed more than ¹4.0%/°C over the temperature range of ¹3 to 39°C. In general, typical bolometer films using VO x film show semiconductor behaviors in electronic property and therefore TCR value was limited to around 3.0%/°C . 16), 17) In contrast, the TCR value was drastically improved by using the non-hysteretic MI transition region, which was induced by metal-ion-substitutive structural defects. It was revealed that Ti and Nb ions were appropriate ions for inducing structural defects in VO 2 because these ions did not affect the MI transition temperature significantly.
Conclusions
In order to decrease a thermal hysteresis accompanying a structural phase transition, introducing metal-ion substitutive structural defects, which was induced by doping metal ions in epitaxial VO 2 films, was a very effective method. We considered that owing to such structural defects, the structural phase transition of VO 2 could easily occur without superheating or supercooling. This effect was enhanced in the case of Nb-doped VO 2 films due to the relatively large ionic radius of Nb and also probably due to the presence of V 3+ . In V 1¹x Ti x O 2 films, at x = 0.09, the hysteresis was reduced to 1°C and maximum TCR value of the film was ¹24.8%/°C at 46°C. In the V 1¹x Nb x O 2 films, at x = 0.018, the hysteresis was reduced to 1°C or less and the maximum TCR value of the film was ¹21.6%/°C at 19°C. 
